The air-fuel mixing quality in the combustion chamber of a diesel engine is very critical for controlling the ignition and the combustion quality of direct-injection diesel engines. With a view to understanding the air-fuel mixing behaviour and the effect of the mixture quality on the emissions formation, an innovative approach with a new quantitative factor of the in-cylinder air-fuel homogeneity, called the homogeneity factor, was used, and its characteristics under various injection conditions were analysed with computational fluid dynamics simulations. By investigating the effect of advanced injection strategies on the homogeneity of the mixture and the emissions production, the study suggested that the homogeneity factor is greatly affected by the pulse number of injections, the injection timing and the dwell angle between two injections. The more advanced the injection taking place in the cylinder, the earlier the air-fuel mixing quality reaches a high level. Although the homogeneity factor is not sufficiently precise by itself to reflect the emissions formation, the results demonstrated that most often, the higher the homogeneity available in the cylinder, the more nitrogen oxides and the less soot were formed.
Introduction
In direct-injection diesel engines, the air-fuel mixing quality is of crucial importance for the combustion process. One of the direct results is that a uniform air-fuel mixture before the start of combustion can lead to low soot emissions owing to the avoidance of local fuel-rich regions. However, this might cause a high combustion temperature and high nitrogen oxide (NO x ) emissions.
Many investigations have been reported with regard to optimising the in-cylinder combustion and reducing the emissions formation. Most of these were targeted at improving the air-fuel mixing through advanced injection strategies or varying the oxygen concentration by utilising a high level of exhaust gas recirculation (EGR) and variable-geometry turbocharging. However, little effort has been made to quantify the air-fuel mixing quality in the combustion chamber of diesel engines.
The primary investigations carried out on the effects of the pilot injection on the combustion process can be traced back to 1995 with work from Pierpont et al. 1 and from Minami et al. 2 They demonstrated that, by having a pilot injection in the combustion process, the ignition delay could be reduced and this led to a lower heat release rate (HRR), with lower NO x emissions and lower combustion noise.
Montgomery and Reitz 3 studied the effect of combining multiple-fuel-injection strategies and EGR for reducing the NO x emissions. They showed that, by combining EGR and multiple injections, the NO x emissions could be further reduced by lowering the peak incylinder temperature. However, soot emissions were raised because some regions with increased temperature were created as a result of the oxygen reduction within the cylinder. Diez and Zhao 4 carried out an investigation on a single-cylinder optical diesel engine to determine the effect of a split main injection (30%-70%) with a small dwell angle (11.8°crank angle (CA)) and high EGR rates. The results showed an improved indicated mean effective pressure (IMEP) and low NO x emissions. However, because of the short time between the two main injections the air-fuel mixing was poor, leading to high unburned hydrocarbon emissions and high soot emissions. Tow et al. 5 showed the importance of the dwell angle between injections in order to control soot formation and suggested that there would be an optimal dwell angle at a particular operating condition. Mobasheri et al. 6 studied the effect of the dwell between two injections and proved that, for the testing operating conditions used, the optimum dwell angle between the injection pulses was around 20°CA.
Badami et al. 7 studied the effect of the fuel injection pressure. They achieved a reduction in the particulate emissions of up to 27% by increasing the injection pressure from 1300 bar to 1500 bar in a high-speed directinjection (DI) diesel engine at 4000 r/min. Their results also proved that particulate emissions can be reduced via enhanced spray penetration caused by the increase in the injection pressure. Hountalas et al. 8 investigated the effect of the EGR temperature on a heavy-duty DI diesel engine. They concluded that a high EGR temperature negatively affects the brake efficiency, the peak combustion pressure and the soot emissions. They also demonstrated that EGR cooling is favourable for retaining the benefits of low NO x emissions without sacrificing the engine efficiency significantly. Kwon et al. 9 studied the effects of the in-cylinder temperature and pressure on the ignition delay of a DI diesel engine. They proved that the ignition delay is greatly affected by the in-cylinder temperature with low temperatures leading to increased ignition delays. Bobba et al. 10 demonstrated that an increase in the ignition delay from 3°CA to 15°CA led to a 95% decrease in the total in-cylinder soot mass of a heavy-duty diesel engine operating at low-temperature conditions. While a number of research studies have been conducted to investigate the effects of various injection strategies on the air-fuel mixing, the combustion process and the emissions formation, there is very limited work which directly takes into account specific information on the fuel distribution in the chamber and particularly quantitative analysis of the air-fuel mixture. In 2002, Nandha and Abraham 11 defined a mathematical parameter called the degree of heterogeneity (DOH) for scaling the fuel distribution in the cylinder. They tested the definition using computational simulations to study the effects on the heterogeneity of the mixture for different operating conditions including multipleinjection strategies and spray orientation.
To achieve a more directly quantitative parameter to classify the air-fuel mixing quality, Peng et al. 12 developed the homogeneity factor (HF) as a measure for the air-fuel mixing in the diesel engine. Then the HF was employed in computational fluid dynamics (CFD) numerical simulations with the KIVA-3V code to examine the influences of various operating parameters on the in-cylinder mixing quality, and this showed that the advance of injection timing does not always result in an increase in the air-fuel mixing homogeneity.
In this paper, the HF will be further developed and will be employed in the AVL FIRE CFD code to explore the effects of advanced injection strategies on the air-fuel mixing homogeneity, the combustion process and the emissions formation. The paper is divided into the following sections. First, the CFD model is validated against real engine test results. Second, simulations for five single-injection strategies with different start-of-injection (SOI) timings are performed. Then, 12 cases with a split of the main injection into two pulses, different injection ratios and different dwell angles are examined. Finally, the two cases with the best combination of relatively low NO x emissions and low soot emissions are further analysed by implementing a pilot injection of either 5% or 10% of the total injected fuel.
Numerical method

Submodels
Numerical simulations were conducted using the AVL FIRE CFD code for diesel combustion. The submodels employed in the code were chosen on the basis of previous studies, and it has been suggested that those submodels are appropriate for high-fuel-pressure diesel combustion (Table 1 ). In the code, the primary and secondary atomisations of the fuel spray are predicted using the Wave model, 13 which has been widely used for high-speed fuel injections. The Wave model assumes that the droplet size and the break-up time are related to the fastest-growing Kelvin-Helmholtz 14 instability. The details of newly formed droplets are predicted using the wavelength and the growth rate of this instability. For heat-up and evaporation prediction of the droplets, the Dukowicz 15 evaporation model is selected for simulations with diesel fuel. The Dukowicz model determines the rate of the droplet temperature change by the heat balance, which states that the temperature transferred from the gas to the droplet supplies heat for its vaporisation. For simulating the wall impinging process of the droplets, the extended Kuhnke 16 spray-wall interaction model was used. The interaction is mainly dependent on the velocity and the diameter of the droplet as well as on the wall surface roughness and the temperature.
The recently developed k-z-f model developed by Hanjalic et al. 17 was used for evaluation of the turbulence effect in the combustion chamber. The extended coherent flame model with three zones 18 (ECFM-3Z) was applied for the combustion model of the simulations. The ECFM-3Z model separates a computational cell into three zones in order to allow specific treatment of the air-fuel mixing, the autoignition, the combustion and the pollution formation processes. Finally, the Zeldovich model 19 and the kinetic model 20 were implemented in the software for NO x formation and soot formation respectively. The kinetic model is a detailed, chemically based reaction scheme for calculation of the soot formation and oxidation. The model used in AVL FIRE adopts a number of mechanisms suitable for fuels relevant to an internal-combustion engine and provides an accurate approach for computational calculations of soot formation.
Engine specifications
A light-duty single-cylinder Ricardo Hydra diesel engine with a compression ratio of 18.3:1 and a swept volume of 499 cm 3 is used in this study. A six-hole injector is placed centrally in the test engine to spray the fuel in the combustion chamber. The specifications for the engine and the injection system are listed in Table 2 and Table 3 respectively.
Computational grid
The piston and the injector geometry parameters were set in the software using the two-dimensional Sketcher tool. The computational grid was generated and the model tested under various mesh sizes in order to make sure that the results are grid independent. The final grid-independent model, shown in Figure 1 , consists of 42,052 and 72,052 hexahedral cells at the top dead centre (TDC) and the bottom dead centre respectively.
Test conditions
The tests were performed under the air and fuel conditions given in Table 4 .
The tests were divided into three main categories. The first category includes five tests with a single injection and different SOI timings. The second category includes simulations performed by having two injections per cycle with different injection rates and different dwell angles. Finally, the last category shows simulations performed for one pilot and two main injections in the cylinder. In order to make it clear, tests have been denoted according to the number of injections: cases A for one injection, cases B for two injections and cases C for three injections (one pilot injection + two main injections). Cases A are followed by a number which indicates the degrees CA where the injection starts. Cases B and C are followed by the percentage of the fuel injected during the first injection and then by the dwell angle in degrees given in parentheses which shows the angle between the end of the first or the second injection and the beginning of the second or the third injection respectively. For example, for case C5(10)70 (10)25 the test is defined as follows: there were one pilot injection and two main injections into the cylinder; the pilot injection occurred with 5% of the total fuel injected during the pilot injection; the dwell angle between the pilot and the first main injection was 10°CA, which means that the pilot injection finished at 10°CA before the start of the first main injection; following this, 70% of the total fuel was injected during the first main injection and the last injection of 25% of the fuel occurred after a dwell angle of 10°CA. In total, five single-injection and 16 different multiple-injection arrangements were considered. For single-injection strategies the SOI timing varies from 20°CA before top dead centre (BTDC) to TDC in a step of 5°CA. The split-injection ratio varies from 10% to 30% for the second pulse, and the variable dwell angle between the two main injections is from 5°C A to 30°CA. Two of the optimum split-injection cases were further analysed by implementing a pilot injection of 5% of the total fuel and then 10% of the total fuel injected at an earlier stage.
Parameter definition
In this paper, the mixing quality parameter used is the HF which was originally developed by Peng et al. 12 The parameter was modified for more accurate air-fuel mixing results within the cylinder. In the definition, we first need to find the fuel difference in a calculated cell (e.g. cell i), compared with the average equivalence ratio, according to
where AFR st is the stoichiometric air-to-fuel ratio, F 0 is the average equivalence ratio, F i is the equivalence ratio and dm i is the mass of the mixture in the computational cell i. The total amount of fuel in the cylinder is
where M is the total mass of the mixture. Then, a parameter called the heterogeneity factor (HeterF) can be expressed as
As the increased amount of fuel in a cell actually arises from the decrease in the amount of fuel in the other cells, half of the standard deviation is used in the definition to reflect the non-uniformity more accurately. Based on the HeterF, the HF can be derived for a quantitative demonstration of the charge mixing quality according to
Compared with the definition for the DOH by Nandha and Abraham, which actually represents the standard deviation of the equivalence ratio normalised by the overall equivalence ratio, 11 the HeterF is the standard deviation of the amount of fuel normalised by the overall amount of fuel. This will be a more reasonable measure of the non-uniformity in the mixture.
Model validation
The CFD model was validated using the experimental data obtained on a Ricardo 499 cm 3 single-cylinder research engine with the specifications listed in Table 2 .
The in-cylinder pressure of the engine was measured using a Kistler 6056 in-cylinder pressure sensor with a 0-250 bar range. The HRR was calculated on the basis of the in-cylinder pressure and the in-cylinder volume. A Testo 350 XL portable emission analyser was used for measuring the emissions formation. Figure 2 shows the comparison between the predicted and the measured in-cylinder pressures and HRR. The results are based on the assumption of uniform wall temperatures of 470 K for the cylinder wall and 570 K for the cylinder head and the piston top.
The CFD simulation trend for the in-cylinder pressure seems to be in reasonable agreement with the experimental measured values. There is only a slight pressure difference after the start of combustion which might be related to experimental uncertainties in the input parameters to the computations such as the precise injection duration, the SOI and the gas temperature at the inlet valve closure. On the other hand, the calculated HRR based on the experimental results seems to follow the same trend as in the simulations. However, the calculated HRR is slightly higher than the simulation experiments and it seems to have a smoother drop after the end of combustion. Figure 3 presents the comparison of the formation of NO x emissions and soot emissions for single-injection cases with different SOI timings at 2000 r/min. The simulation results correspond to the measured values. Thus, the model used in this study can provide sufficient confidence in the following simulation results with regard to the combustion process and the emissions.
Results and discussion
Influence of the injection timing
A single-injection strategy study was performed in order to understand and validate the newly introduced HF. The purpose of this study was to find the optimum start of the single injection based on the air-fuel homogeneity trend. Five single-injection simulations were performed in total. The SOI was varied from 20°CA BTDC to 0°CA BTDC while the fuel injection pressure and the quantity were kept constant. Figure 4 shows that the air-fuel mixture quality into the cylinder is directly influenced by the fuel injection timing. It is shown that, as the SOI advances, a more homogeneous, locally fuel-lean in-cylinder mixture occurs at an earlier stage in the cylinder.
Case A340 with an SOI of 20°CA BTDC was further analysed in Figure 5 . It is shown that for case A340, where the fuel injection takes place at a very early stage, the in-cylinder pressure increases and the maximum value of the HF occurs closer to the TDC. The early injection leads to a longer ignition delay; therefore, more time is available to achieve a larger portion of the pre-mixed mixture, which leads to very high temperature and thus to a higher in-cylinder pressure.
As the SOI is retarded, the ignition delay is shorter because of the higher in-cylinder temperature closer to the TDC. Therefore the amount of pre-mixed combustion is reduced. This results in an increased amount of diffusion burning and a lower peak in-cylinder pressure due to late initiation of the combustion process during the expansion stroke where the piston is descending after the TDC.
Late fuel injection leads to fast pre-mixed combustion and less heat release, as shown in Figure 6 . However, this is compensated by the fast heat release of combustion in a smaller volume near the TDC. As a result, the peak HRR remained almost constant for cases A340, A345 and A350. However, this did not occur for cases A355 and A360 where the heat release is slightly lower as the initiation of combustion took place at a late point where the in-cylinder pressure was relatively lower and the piston was descending after the TDC.
From the above study, it can be concluded that the newly introduced HF can be used as a useful measure for analysing the air-fuel mixture and the combustion process. The simplicity of its format makes the HF an extremely useful indicator for practical applications. It is shown that strategy A350 has the shortest ignition delay and a relatively high HF at the ignition timing, and thus it was decided to use 10°CA BTDC as the SOI for the further experimental work.
Influence of the split-injection strategies
In this section the effect of splitting the main injection into two pulses on the air-fuel homogeneity and the emissions formation is presented. In total, 12 doubleinjection strategies were simulated. In the first pulse, the fuel injected varies from 70% to 80% and 90% at 10°CA BTDC, and the second pulse follows after 5°C A, 10°CA, 20°CA or 30°CA where the rest of the fuel is injected. Figure 7 , Figure 8 and Figure 9 present the air-fuel homogeneities over the cycle for 70%, 80% and 90% respectively of the fuel injected during the first pulse. As shown in these figures, the air-fuel homogeneities for the double-injection cases are improved temporarily at the point where the first injection ends. This is due to the available time for the fuel to be distributed with no more fuel diffusion compared with the single injection. However, when the second injection starts, the HF does not have the same upward trend and is even decreased in some cases. As can be seen in Figures 7, 8 and 9 , the longer the dwell angle, the higher is the homogeneity in between the two injections and also the larger is the drop in the homogeneity while the second injection occurs and at the end of the cycle. This can be caused by poorer combustion with more residuals left within the cylinder. From the above figures it can also be noted that, the higher the fuel quantity injected during the first pulse, the higher the HF is after the end of the injections. This trend has different effects on the NO x emissions, which will be demonstrated in the following. Figure 10 illustrates the NO x and soot formation for the double-injection strategies. It is clear, as expected, that double injection with 70% and 80% of the fuel injected during the first pulse causes a significant decrease in the NO x formation. The NO x emissions are lower than for the single-injection strategy owing to greater control of the combustion process. The NO x formation is lower for cases with less fuel injected during the first pulse. This is in agreement with the HF trend as a higher HF (cases with more fuel injected during the first pulse) will increase the rate of air-fuel mixing and therefore more complete combustion will take place, which results in an increase in the NO x formation.
On the other hand, the split of the main injection into two pulses leads to higher soot formation. This is due to the fuel of the second pulse sprayed into burning regions from the first injection, leading to fuel-rich combustion. It is clear that, the higher the fuel quantity during the second injection, the more soot is formed. In addition, the larger the dwell angle, the more soot is formed owing to the poor soot oxidation from the late initiation of fuel combustion in the second pulse.
For the case with 90% of the fuel injected during the first pulse, it seems that this splitting ratio is not able to reduce the NO x formation. However, for cases B90 with 5°CA and 10°CA dwell, it seems that the soot formation is reduced slightly. Figure 11 illustrates the brake specific fuel consumption (BSFC) over the NO x formation for the doubleinjection strategies. It is shown that, for cases B90, the variations in both the BSFC and the NO x emissions are smaller than for the other cases. From the above figure, it can be concluded that the split injections shows minimal effect on the BSFC when the second injection follows at a small dwell angle, and it has a relatively lower fuel injection ratio compared with that of the main injection. Moreover, it can be noted that a higher HF (strategies with more fuel injected during the first pulse) results in a reduction in the BSFC. This is due to the improved air-fuel mixing quality, which leads to improved combustion and therefore to a lower BSFC. Figure 12 represents the IMEP versus NO x formation of double-injection strategies. It can be noted that the maximum IMEP levels can be obtained when having a small dwell angle between injections. In this case, a higher fuel quantity injected during the first pulse leads to a higher IMEP.
From all the above figures, cases B70 and B80 with 10°CA and 20°CA dwell were selected owing to the combination of relatively low NO x and soot formations. These cases are further analysed below on the basis of the air-fuel mixing homogeneity. Figures 13 and 14 compare the NO x and soot formation over the HF at four critical points after the SOI and combustion. In both figures the NO x and soot trends compared with the HF trend are similar. It can be mentioned that, at 370°CA, the HF as well as the NO x level and the soot level have their lowest values. At 380°CA, the HF increases to over 60% while the soot formation has a rapid increase for cases B70 and a lower increase for cases B80. The NO x formation is still at low levels for both strategies. The NO x emissions are increased once the HF rises above 65%. It can easily be seen from the above figures that the variations in the NO x level and the soot level are based on the HF at different dwell angles. Figure 13 shows that the HF is slightly higher for the case with 10°CA dwell than the case with 5°CA at 370°CA. At this point it can also be seen that the NO x formation is slightly higher in the 10°CA case. Later, at 390°CA, the HF trend changes and the HF for the 5°CA case is slightly higher than for the 10°CA dwell case. At the same time the NO x formation trend also changes and the case with 5°CA shows a higher NO x formation than does the case with 10°CA. Similarly, the soot formation for the 10°CA case is higher than for the 5°CA dwell angle. From Figures 13 and 14 it can also be concluded that, the larger the dwell angle between the pulses, the less NO x formation there is, while there is an increase in the soot formation.
Finally, Figures 15 and 16 show the HRRs and the in-cylinder temperatures for the four cases compared with the single-injection strategy. It can be noted that the HRR for the single-injection case varies from the HRR for the split-injection strategies. The HHR graphs Figure 16 . In-cylinder temperature graph for cases A350, B70 and B80 with 5°CA and 10°CA dwell angles.
CA: crank angle. for the split injections show two peaks formed by the two injections into the cylinder and an obvious valley in between. It seems that the second peak occurred because of the late combustion stage, which led to high in-cylinder temperatures and pressures. It can also be seen that the second HRR peak is highly affected by both the dwell angle and the injection quantity in the second pulse. The smaller the dwell angle and fuel injection quantity during the second pulse, the higher is the second HRR peak.
Influence of the pilot injection
Cases B70 and B80 with 10°CA dwell angle were chosen owing to the combination of relatively low NO x and soot emissions with high IMEP and low BSFC values for further research by implementing a pilot injection. The pilot fuel injected varies from 5% to 10% with a dwell angle of 10°CA and the fuel was absorbed from the final injection of each strategy. Figure 17 shows that, owing to the early pilot injection into the cylinder, the HRR increases at an earlier stage. The maximum HRR reached in cases C is higher than those in the split-injection strategies (cases B).
Comparing Figure 15 and Figure 17 , we can see that, by implementing a pilot injection into the cylinder at an early stage when the pressure and the temperature are relatively low, it can lead to high sharp increases in the pressure and the HRR. It is also shown in Figure  17 that the cases with the same quantity of fuel injected during the pilot pulse have similar and equal heat release trends. It can be concluded that the pilot injection increases the HRR but at the same time the first main injection quantity plays a very important role in the percentage increase. Figure 17 clearly shows that cases with 80% of the fuel injected during the first main injection lead to a higher HRR than cases with 70%, irrespective of the pilot injection quantity.
As shown before by splitting the main injection in two pulses, the NO x emissions can be dramatically reduced. However, there is a soot penalty because of the fuel-rich combustion taking place during the second injection. From Figure 18 , it can be observed that, by implementing a pilot injection, the NO x emissions are significantly increased instead of being reduced. The reason for this increase can be given by looking back at the HRR in Figure 17 where the high HRR trend indicates that the pilot injection took place at a very early stage, leading to high temperatures and therefore to the increase in the NO x emissions. However, the soot emissions were slightly reduced because less fuel is injected during the second pulse compared with cases B. Therefore, less fuel-rich combustion and more soot oxidation take place in the cylinder. It can also be noted that the cases with 5% of the fuel injected during the first main injection have lower NO x emissions and higher soot emissions than the cases with 10% of the fuel injected during the first main injection (Figure 19 ). This confirms the above justification for the variations in the NO x emissions and the soot emissions.
The HF diagram in Figure 20 shows the air-fuel mixing quality into the cylinder for cases C relative to cases B70 and B80 with 10°CA dwell angle. The lines for the same SOI strategies overlap each other until the moment where some variation in the injection pulse occurs. It is shown that the HF at 5°CA BTDC, at the point where roughly the start of combustion for cases B occurs, is already at high rates because the pilot injection took place earlier in the cylinder. The HF for 10% of the fuel pilot injected is almost a factor of 10 higher than those for 5% of the fuel pilot injected. This is due to the earlier SOI, as the pilot injection in cases with 10% fuel started almost 1°CA in advance. Looking at this high air-fuel homogeneity at the initiation of combustion after the first main pulse, we can definitely justify the expected NO x increase compared with cases B, as shown previously. Moreover, it can also be noted from the above figures that the HFs for cases C remain at higher levels than for cases B until a very late state of combustion. We can conclude that there is optimal and more complete fuel combustion in the cylinder with fewer residuals and therefore higher homogeneity.
The results shown in Figure 20 once again prove the importance of the first main injection to the air-fuel homogeneity levels and as a result to the emissions formation. It can be seen that the cases with 70% of the fuel injected during the first pulse have higher HFs at the end of the main injection as still occurs in the cases with 80% injection. However, after a while when the first main injections in both the 70% case and the 80% case are over, the HF for 70% decreases and drops below that for the 80% case, which perfectly justifies the higher NO x emissions. Finally, Figure 19 represents the HF trends for the NO x formation and the soot formation for cases C with 5% pilot injection. It can be sees that the homogeneity for the case with 70% of the fuel injected during the first main injection is temporarily improved after the end of the first main injection compared with the other case where there is still fuel injection taking place for a few more degrees. However, at almost 15°CA after top dead centre (ATDC), the HF for case C5(10)80(10)15 becomes higher than for case C5(10)70(10)25. This occurs because a smaller amount of fuel is injected during the second main injection, which does not cause the in-cylinder mixing to deteriorate too much. Another point worth mentioning is the identical behaviours of the HF trend and the NO x emission trend. At the point where the HF for case C with 70% fuel for the first main injection becomes higher than for the other case, the emissions formation is also higher. When the trend of this case decreases below the trend of case C with 80% of fuel during the first main injection, the NO x trend also decreases and moves to a lower level than for case C5(10)70(10)25. The opposite occurs for the Figure 19 . HF, NO x and soot emissions for cases C with 5% pilot injection. HF: homogeneity factor; CA: crank angle; NOx: nitrogen oxides. soot emissions where it is lower for the cases with a higher HF at any point in the cycle.
Conclusions
In this paper, a recently developed parameter, namely the HF, was applied in order to study the effect of the air-fuel mixing quality on the combustion characteristics and the emissions formation of a single-cylinder DI diesel engine. The study of the air-fuel mixing behaviour is of great importance for understanding the engine's performance and emissions behaviour. The HF parameter can be an extremely helpful tool for finding the correlation between the in-cylinder mixing quality and the emissions formation. Simulations were performed for various single-injection timings as well as split-injection and multiple-injection strategies. The main findings of this work can be summarised as follows.
1. The air-fuel mixing quality in the cylinder is directly influenced by the fuel injection timing. As the SOI advances, a more homogeneous fuel-lean mixture occurs at an earlier stage in the cylinder. 2. A split injection can be used to improve the airfuel mixture temporarily at the point where the first injection ends. This is due to the available time when the fuel has to be distributed into the cylinder with no more fuel diffusion compared with the single injection. 3. Although a split injection can be used to improve the air-fuel mixture locally, the homogeneity level decreases when the second injection takes place. This leads to a reduction in the NO x emissions but to a rapid increase in the soot formation. 4. The decrease in the HF at the start of the second main pulse in the split-injection strategy is mainly affected by the dwell angle between the two injections. It seems that, the smaller the dwell angle, the less the HF falls, which leads to more NO x and less soot formation. 5. The pilot injection leads to an improved air-fuel mixing quality at the point where the first main injection occurs. However, the early in-cylinder fuel injection and the high HF lead to a high HRR and more NO x formation. 6. All the simulations performed in this paper clearly show that a high HF leads to more complete combustion, which, as a result, increases the NO x emissions and reduces the soot emissions.
The findings of this paper demonstrated that the HF is a very useful indicator for studying and understanding the in-cylinder air-fuel mixing and the emissions formation behaviour. However, other in-cylinder characteristics such as the residual gases as well as the temperature distribution and the pressure distribution within the cylinder, which cannot be represented by the HF, should be taken into account for the performance and the emissions formation of a DI diesel engine. Any future work should include finding a correlation between the HF, the residual gases, the temperature distribution and the injection characteristic variables.
